tiphagocytic factors, and secreted exotoxins, whose functions appear to be both securing nutrients for the microbes and delaying function of the immune system [10] [11] [12] . Among the secreted factors is a large family of superantigen exotoxins [8] .
Staphylococcal superantigens include staphylococcal enterotoxins, classically the common causes of food poisoning and nonmenstrual TSS, and TSS toxin 1 (TSST-1), the cause of both menstrual and nonmenstrual TSS [8] . Staphylococcal enterotoxin serotypes A-E (SEA-SEE) and SEG-SEQ have been well described in the literature. SEA-SEE and SEI are capable of causing vomiting and diarrhea when administered to monkeys and, thus, are correctly referred to as staphylococcal enterotoxins [13] . The remaining staphylococcal enterotoxins either lack emetic activity (SEG, SEK, SEL, and SEQ) or have not been tested for emetic activity. According to the suggestions of a recent nomenclature committee, these superantigens are more correctly designated as staphylococcal enterotoxin-like (SEl) (SEl-G, -H, -J, -K, -L, -M, -N, -O, -P, and -Q) [14] .
Superantigens are defined by their ability to stimulate cytokine release from both T cells and macrophages [15] . The proteins bind to relatively invariant regions of major histocompatibility complex II molecules on antigen-presenting cells, and they cross-bridge with certain variable regions of the betachains of T cell receptors (Vb-TCR) [16] . Each superantigen has a relatively unique subset of Vb-TCR interactions. For example, TSST-1 stimulates only T cells bearing Vb2-TCRs, but these account for only ∼10% of the total repertoire of T cells in humans [16] . However, during acute TSS, T cells bearing Vb2-TCRs may proliferate in a skewed manner, such that the activated T cells account for 60% of the patients' T cells [17] . The massive cytokine release by both T cells and macrophages accounts for the most-severe manifestations of superantigenmediated illnesses [8, 15, 16] .
Atopic dermatitis is a T cell-mediated skin disease that can significantly compromise quality of life, because patients experience sleep disturbances, social embarrassment, and emotional distress. S. aureus infection contributes to the worsening of skin inflammation in atopic dermatitis [18] [19] [20] . These organisms have been shown to produce superantigens, including SEA, SEB, SEC, and TSST-1. However, the full spectrum of superantigens produced by S. aureus isolates that infect patients with atopic dermatitis has not been examined previously. Furthermore, superantigens have been demonstrated to induce corticosteroid resistance of T cells in vitro [21] . This could contribute to difficulty in management of atopic dermatitis, because topical corticosteroids are the most common medication used for treatment of atopic dermatitis. The present study, therefore, was undertaken to characterize S. aureus isolates from patients with steroid-resistant atopic dermatitis with regard to their ability to produce superantigens.
MATERIALS AND METHODS
S. aureus isolates. Three groups of isolates were compared for the presence of superantigen genes. Group 1 isolates included 78 isolates from patients with steroid-resistant atopic dermatitis. Steroid resistance was defined by a !35% reduction in the patient's eczema area and severity index during treatment with a topical steroid, prednicarbate emollient cream, twice a day for at least 12 days. Cotton swabs were used to obtain individual samples of the 4 most-affected eczematous lesions, which were evaluated for the growth of S. aureus colonies. S. aureus isolates were identified by colony morphology (grampositive, cluster-forming cocci), positive catalase activity, and positive coagulase activity. Group 2 isolates for comparison included 30 vaginal isolates from healthy women randomly collected in 2003-2005 and previously published [22] . The 22 group 3 isolates were obtained in 2002 from a general population of patients with atopic dermatitis, irrespective of responsiveness to treatment.
PCR for superantigen genes and assays for exotoxins. For superantigen gene testing, all organisms were cultured at 37ЊC with shaking (at 200 rpm) in 10 mL of Todd Hewitt broth and then were used for DNA extraction [22] . The primers used for PCR amplification of superantigen genes were published previously [22] . The conditions for PCR were described in detail elsewhere [22] .
For use in quantification of selected superantigens, organisms were cultured in a dialyzable beef heart medium (25 mL in 125-mL Erlenmeyer flasks) at 37ЊC with shaking (at 200 rpm) [23] ; the superantigens included TSST-1, SEA, SEB, and SEC. Superantigens in these samples were concentrated 10-100-fold by consecutive precipitation with the addition of 4 volumes of absolute ethanol for 2 h, centrifugation at 4000 g for 10 min, and resolubilization in distilled water [23] . Superantigens were quantified by antibody assays (Western immunoblotting) with use of polyclonal rabbit antisera raised against the individual superantigens [24] . In brief, known quantities of purified superantigen standards (0.1, 0.01, and 0.001 ug/mL, as purified in the laboratory of P.M.S.) and concentrated culture fluids were electrophoresed in sodium dodecyl sulfate on 10% polyacrylamide gels and were blotted onto polyvinylidene fluoride membranes (Bio-Rad Laboratories). Subsequently, the membranes were blocked with 1% albumin, were incubated for 2 h with polyclonal rabbit antisera (raised in the laboratory of P.M.S. or provided by Toxin Technology) to the individual superantigens, were washed to remove unbound antisera, were incubated for 2 h with alkaline phosphatase-conjugated antirabbit IgG (whole molecule; Sigma Aldrich), were washed to remove unbound conjugate, and were developed with substrate. The densities of band on the developed immunoblots were determined with use of a computer program provided by the National Institutes of Health (ImageJ, version 1.34S) [25] . The lower limit of toxin detected by this method was 1.0 ng/mL of sample (0.01 pg/mL in 100-fold concentrated culture fluids).
Sequencing studies of srrA-srrB. During the course of evaluation of superantigen production by S. aureus isolates from patients with steroid-resistant atopic dermatitis, it became clear that superantigen-production profiles and the amounts produced appeared to be dysregulated. Thus, we evaluated the 2-component regulatory system of staphylococcal respiratory response (SrrA-SrrB) for altered regulation of superantigen production. SrrA-SrrB represses exotoxin production under lowoxygen conditions, loses repression activity when oxygen levels exceed 2%, and appears to regulate other critical global regulatory systems, such as the accessory gene regulator [26, 27] . The srrA-srrB locus was sequenced in 6 isolates from patients with steroid-resistant atopic dermatitis, to assess the function of this regulatory system [28] .
RESULTS
We compared, by PCR, the superantigen profiles of 2 groups of isolates: 30 previously published vaginal isolates from healthy women [22] and 22 isolates from a general population of patients with atopic dermatitis. We evaluated the capacity of isolates to produce TSST-1, SEA-SEE, SEI, SEl-G, SEl-H, SEl-L, SEl-M, SEl-N, SEl-O, and SEl-Q by PCR for the respective genes (table 1) ; the nucleotide sequence of the sel-P gene became available only when this study was nearly completed; thus, the superantigen SEl-P was omitted from the study. Several important observations were made relative to the 3 groups of isolates. The capacity of group 1 isolates from steroid-resistant patients to produce superantigens differed significantly from that of group 2 isolates (vaginal isolates from healthy women) and group 3 isolates (from a general population of patients with atopic dermatitis) (table 1). Group 1 isolates were significantly more likely to have the genes for SEA, SEB, SED, SEl-H, SEl-J, SEl-M, SEl-N, and SEl-O than were both group 2 and group 3 isolates. Group 1 isolates also were more likely than group 2 isolates to have the genes for SEE, SEG, and SEl-L and were more likely than group 3 isolates to have the gene for SEl-K. There was no statistically significant difference among the 3 groups for the genes for SEC, SEI, SEl-Q, and TSST-1. The group 2 isolates were not significantly different in superantigen profile than the group 3 isolates; with the exception that group 2 isolates had the genes for SEl-K and SEl-L significantly more often than did group 3 isolates ( ). As P K .001 shown in table 2, the group 1 isolates produced a mean of 8 superantigens; only 1 isolate did not make any known superantigens, and 1 isolate had the genes for all known superantigens except TSST-1. In contrast, the group 2 and group 3 isolates produced a mean of 5 and 4 superantigens, respectively (the difference was not statistically significantly), both of which were significantly less than that produced by group 1 isolates. One group 2 isolate and 3 isolates from group 3 were negative for known superantigens.
Several other interesting observations were made concerning the group 1 isolates (table 3) . SEl-G, SEl-M, SEl-N, SEl-O, and SEI are thought to be linked, in order, as an enterotoxin gene cluster [29] . Of the group 1 isolates, only 19 (24%) contained the intact cluster. In contrast, 63 (81%) of the isolates contained the genes for at least 1 superantigen in the cluster, suggesting that the enterotoxin gene cluster is not intact in the majority of these isolates. In tests of 15000 TSS isolates, only 2 have been shown (by the laboratory of P.M.S.) to produce the com- bination of SEB and SEC. Of the 78 group 1 isolates, 12 (15%) were positive for genes for both these toxins, compared with 2 (3.8%) of 52 isolates from groups 2 and 3 combined. Likewise, it is generally thought that S. aureus strains cannot produce SEB and TSST-1 simultaneously [30] [31] [32] . However, 8 (10%) of the group 1 isolates were positive for both these toxins. Approximately 15% of S. aureus isolates from patients with TSS have the genes for SEC and TSST-1 together [33] ; there was a similar rate of 12% among the group 1 isolates (9 of 78 were positive). The 3 major causes of staphylococcal TSS are TSST-1, SEB, and SEC [8, 32] . Of the group 1 isolates, 57 (73%) were positive for у1 of these toxins. TSST-1, SEB, and SEC were quantified after in vitro culture to evaluate potential differences in the quantity of these superantigens produced by the group 1, group 2, and group 3 isolates. There were no differences among the groups in the amounts of superantigens produced in culture media; the range of values was 3-20 ug/mL for TSST-1, 25-80 ug/mL for SEB, and 40-80 ug/mL for SEC. Interestingly, in the course of these studies, it appeared that group 3 isolates produced more SEA (4-5 ug/mL) than did typical TSS isolates (typically 0.01 ug/ mL). In light of this observation, 3 of the group 1 isolates (including the isolate that contained the genes for all known superantigens except TSST-1) were compared with 3 menstrual TSS isolates for growth and superantigen-production characteristics, particularly for SEA (figure 1). The menstrual TSS isolates grew to slightly higher cell densities in the 12-h test period, compared with the group 1 isolates. All 3 of the menstrual TSS isolates produced both TSST-1 and SEA, with TSST-1 produced primarily in the postexponential phase and with SEA produced primarily during exponential growth. These data are consistent with those of previous studies [10, 34, 35] . In contrast, the 3 atopic dermatitis isolates produced SEB and SEC at high concentrations in the postexponential phase, as expected, but the isolates produced SEA in higher concentrations than did the menstrual TSS isolates (10 ug/mL vs. 0.1 ug/mL), and SEA was produced predominantly during the postexponential phase. These studies suggested that the group 1 isolates not only produced unusual combinations of superantigens (table 3) but also dysregulated SEA production, compared with other isolates.
SrrA-SrrB is a global, 2-component system regulator of exotoxin production in S. aureus [26, 27] . This system represses superantigen production in low-oxygen conditions (oxygen level, !2%); its activity is lost in the presence of oxygen [26, 27] . The 2-component system was sequenced in 6 group 1 isolates; of the 6 isolates tested, 2 were defective in their ability to produce Srr because of truncations in the srrA-srrB locus [28] .
DISCUSSION
S. aureus superantigens play an important role in the natural course of atopic dermatitis [18] [19] [20] . Previous studies have focused on only a few superantigens produced by S. aureus strains obtained from patients with atopic dermatitis. The present study is the most comprehensive study of superantigens in patients with atopic dermatitis, examining all well-characterized superantigens except SEl-P, which is an uncommon superantigen.
Several important observations were made. First, the S. aureus strains from patients with steroid-resistant atopic dermatitis showed the ability to produce large numbers of superantigen types per organism, significantly higher than those produced by other skin isolates (group 3 isolates from a general population with atopic dermatitis) and by mucous membrane isolates (group 2 vaginal isolates). Each superantigen is known to activate only a subset of T cells expressing particular Vb-TCR regions [15, 16] . The net effect of S. aureus strains producing a larger number of superantigens types would be to recruit larger numbers of T cells to produce proinflammatory cytokines and to induce a wider spectrum of T cells that fail to respond to the immunosuppressive effects of corticosteroids. This process could thus contribute to steroid-resistant atopic dermatitis.
Second, our studies suggest that the S. aureus isolates from patients with steroid-resistant atopic dermatitis have been selected for their production of greater numbers of superantigens than those produced by isolates from a general population of patients with atopic dermatitis and by vaginal isolates from normal healthy women. Although the cause of this selection is unknown, the use of steroids to manage atopic dermatitis, with the intent to reduce inflammation and consequent skin damage, would typically create cutaneous environments that reduce S. aureus colonization. Increased superantigen production by individual organisms may be necessary to promote skin inflammation and continued staphylococcal infection in patients with atopic dermatitis. Alternatively, the antimicrobial treatment approaches, including antibiotic treatment, used for management of atopic dermatitis should be investigated to determine their selection bias for such strains of S. aureus. Third, in addition to having the potential to make more types of superantigens, S. aureus isolates from patients with steroid-resistant atopic dermatitis also have dysregulated production of superantigens and produce unusual combinations of superantigens. For example, it is commonly assumed that S. aureus strains cannot produce the superantigens TSST-1 and SEB together, possibly because the pathogenicity islands that encode the toxins may occupy the same chromosomal position [30] [31] [32] . This is clearly not the case, because several isolates from patients with steroid-resistant atopic dermatitis coproduced both superantigens. In addition, superantigen production is strictly under the control of the global regulator SrrASrrB [12, 27] . This 2-component system functions as a repressor of exotoxin production by S. aureus under low-oxygen conditions. Its repressive effects are lost in the presence of 12% oxygen [36] . Thus, no superantigens are produced by S. aureus under anaerobic conditions, despite the organism's ability to grow anaerobically. We observed that 2 of 6 S. aureus isolates had truncated genes for SrrA-SrrB. These strains are able to produce superantigens, even under unfavorable, low-oxygen conditions [28] . We showed that S. aureus isolates from patients with steroid-resistant atopic dermatitis are more likely than other S. aureus isolates to produce the superantigens typically made in high concentrations, such as TSST-1, SEB, and SEC. In addition, the organisms produce SEA in the postexponential phase (when bacterial cell densities are high) rather than in the exponential phase [10, 34] , giving these organisms the ability to make higher concentrations of this superantigen than would be expected. Finally, our studies show that production of superantigens, such as the enterotoxin gene cluster [29] of proteins (SEl-G, SEl-M, SEl-N, SEl-O, and SEI), has been altered. In many strains, these superantigens are no longer linked on a single pathogenicity island.
Collectively, the present study suggests that S. aureus isolates from patients with steroid-resistant atopic dermatitis are being selected for their greater capability to produce superantigens. These proteins are critical virulence factors for S. aureus strains. The data suggest that the spread of such strains to other humans may predict their causation of additional illnesses. For example, a TSST-1-positive strain, without a functional SrrA-SrrB system, could cause menstrual, vaginal TSS without regard to the oxygen content of the vagina. It has been hypothesized that the association of tampons with TSS is related to their oxygenation of a typically anaerobic environment [37, 38] . In individuals with TSST-1-positive strains, TSS may occur in the absence of tampon use.
